P
hosphorus retention capacity, a measure of the ability of soil to retain P, is an important factor controlling the release of P from soil to water. It is often determined in the laboratory by equilibrating soil with a range of P concentrations for a set period of time. The amount of P sorbed is estimated as the difference between the amount of P added and the P remaining in solution at equilibrium. The data obtained are then fi tted into different adsorption models and various indices of P adsorption capacity are determined (Barrow, 1978; Chien and Clayton, 1980; Kinniburgh, 1986) . However, this is a time-consuming process that cannot be adapted to routine laboratory analysis. To overcome this problem, the use of a single standard P solution was suggested by Bache and Williams (1971) with the amount of P sorbed taken as a reasonably accurate index of the ability of the soil to retain P. A good correlation has been reported between the adsorption capacity determined from the multi-point isotherm and the retention index obtained from the single point adsorption (Bache and Williams, 1971; Indiati and Sharpley, 1997; Ige et al., 2005) .
Various soil properties have been reported to be closely related to the P retention capacity of soils. Such properties include the extractable Fe and Al oxides (Toor et al., 1997; Freese et al., 1992) , clay content (Johnston et al., 1991; Toor et al., 1997) , organic C (Daly et al., 2001) , pH (Barrow, 1984) , calcium carbonate (Bertrand et al., 2003) , and sand content (Yuan and Lucas, 1982; Leclerc et al., 2001) . Because of these close relationships, efforts have been made to predict P retention capacity from these soil properties using various combinations (Lookman et al., 1996; Burt et al., 2002; Ige et al., 2005) . Ige et al. (2003) predicted P retention capacity of tropical soils from Al OX , soil pH, and the clay content. Borling et al. (2001) and Maguire et al. (2001) suggested the combination of Fe OX and Al OX for the prediction of soil P sorption capacity in non-calcareous soils. Calcium carbonate content was used by Bertrand et al. (2003) for the prediction of P sorption capacity for calcareous soils with CaCO 3 content > 1%. Bertrand et al. (2003) , however, stressed the need for caution in interpreting correlation relationships between P retention capacity and soil properties because of the inter-correlations among soil properties. Thus, a strong correlation of a soil property with P retention capacity may not necessarily imply the direct infl uence of the soil property on P retention capacity of the soil, but may be due to the indirect infl uence of some other soil properties. Inherent collinearity among the independent variables used to model P retention capacity may prevent obtaining a regression model of desired accuracy (Walker, 2004 , Kutner et al., 2004 . This was supported by Zhang et al. (2005) who reported that the signifi cant correlation observed between P sorption capacity and clay content was due to the signifi cant indirect infl uences of Al OX and Fe OX . As such, simple correlation analysis may not be suffi cient in evaluating the direct infl uence of soil properties on P retention capacity.
To estimate the direct and indirect effects of soil properties on P retention, path analysis can be employed. While the direct effect represents the direct contribution of an independent variable to the dependent variable, the indirect effect represents the contribution of Phosphorus retention ability of soil has been predicted from different combinations of soil properties as a result of signifi cant correlations between these variables. However, a signifi cant correlation between P retention capacity and a soil property does not necessarily imply a signifi cant direct effect of the soil property on P retention. The objective of this study was, therefore, to evaluate the direct and indirect infl uence of soil properties on P retention capacity of neutral to calcareous soils of Manitoba (Canada). One hundred fi fteen archived surface soil samples representing major soils of Manitoba were used for the study. The P retention index (PRI) of these soils was determined by the single-point adsorption method. The relationships between P retention and soil properties were evaluated by correlation analyses while the direct and indirect infl uences of these soil properties on P retention were evaluated using the path analysis procedures. an independent variable to the dependent variable through the infl uence of another independent variable. Path analysis was developed by Wright (1921) to organize and present relationships between dependent and independent variables, thus decomposing the relationships into different pieces for interpretation of effects. Path analysis, which is an extension of regression model, is used to test the fi t of the correlation matrix against two or more causal models. It decomposes the source of the correlation among variables and, thus, partitions the correlation between dependent and independent variables into direct and indirect effects. Therefore, correlation and path coeffi cient analysis lead us to a clearer understanding of the association between dependent and independent variables. Path coeffi cient is a numerical estimate of the causal relationship between two variables in the path analysis. While path analysis has been employed in soil studies to investigate the cause and effect of soil properties on heavy metal adsorption (Basta et al., 1993; Krishnasamy and Mathan, 2001) , its application to P retention in relation to soil properties was a new development as employed by Zhang et al. (2005) for acidic soils.
Direct and Indirect Effects of Soil Properties on Phosphorus Retention Capacity
In view of the use of different combinations of soil properties to estimate P retention capacity of soil and the use of these estimates to evaluate the risk of P loss to the environment, it is important to determine the soil properties that have signifi cant direct infl uence on P retention. This information will allow P retention capacity to be estimated using appropriate soil properties contained in (i) routine soil survey database (e.g., pH, CEC, %Sand, %Silt, %Clay, and CaCO 3 ); and (ii) routine soil test extracts such as P M3 , Ca M3 , Mg M3 , and Al M3 . Therefore, the objective of this study was to evaluate the direct and indirect effect of soil properties on P retention capacity of neutral to calcareous soils of Manitoba (Canada).
MATERIALS AND METHODS
One hundred fi fteen (115) archived surface (0-15 cm) soil samples from distinct soil groups across the province of Manitoba (Canada) were obtained from the Manitoba Soil Survey Department. The samples had been collected for various Soil Survey research studies, air dried and sieved using 2-mm pore size sieve, and stored. The physical and chemical properties of the soils were reported by Ige et al. (2005) . Various extracting agents (e.g., Mehlich-3, sodium bicarbonate, ammonium oxalate, ammonium acetate, and sodium nitrilotriacetate [NTA] ) were used to extract P, Ca, Mg, Fe, Al, and Mn; their values were reported by Ige et al. (2005) . The soils studied had a wide range of pHs (5.3-8.1) but most of the soils had neutral to high pHs. Fifty-one of the soils have pH values > 7.5, 48 soils have pH values that ranged between 6.5 and 7.5 while 16 soils have pH values < 6.5. The carbonate content ranged between 0 and 382 g kg −1 with a mean of 32 g kg −1 . Tables 1 and 2 present the basic physical and chemical properties of the soils. The single point adsorption experiments were conducted for the entire collection of 115 soil samples, as described by Bache and Williams (1971) using a P concentration of 150 mg P L −1 at a soil/ solution ratio of 1:10 to obtain the PRI of the soils. A parallel study was also conducted to determine the Langmuir adsorption maxima, S max , of the soils using a subset (26) of the 115 soils, selected to include all the soil groups and all the range of P retention capacities. Two grams of air dried soil were equilibrated with 20 mL of 0.01 M KCl solution containing 0, 1, 5, 15, 50, 150, 250, and 400 mg P L −1 for 24 h. The data obtained were fi tted into the linear form of the Langmuir adsorption model and the P adsorption maximum determined.
Since most statistical models for multivariate data analysis were developed with the assumption that the variables were normally distributed (Legendre and Legendre, 1998) , all the variables were standardized to assume a mean of 0 and a standard deviation of 1 before statistical analysis. The standardization was achieved by subtracting the mean of a variable from all values in that variable, then dividing the centered values by the standard deviations as:
where y i is the value for ith dependent variable y, y is the mean of dependent variable y, s y is the standard deviation of dependent variable y, z yi is the standardized ith dependent variable y; x i is the ith value of independent variable x, x is the mean of independent variable x, s x is the standard deviation of independent variable x, z xi is the standardized ith independent variable x.
Backward regression analysis was conducted using the SAS statistical package (SAS, 2000) with PRI as the dependent variable and the various soil properties (pH, organic C, sand, clay, silt, carbonate, Ca M3 , Mg M3 , Al M3 , Fe M3, and Mn M3 , NTA-extractable Ca, Mg, Al and Fe, Al OX , Fe OX and Mn OX , and ammonium acetate-extractable Ca and Mg referred to as Ca EX and Mg EX ) as independent variables with the option to test collinearity among the independent variables. Backward regression is a multiple regression procedure in which all the independent variables are entered into the regression equation and variables that do not contribute signifi cantly to the fi t of the regression model are stepwisely eliminated until only statistically signifi cant variables remained. Thus, soil properties that did not make signifi cant contributions to PRI determination at p = 0.10 were stepwisely eliminated from the regression equation. Following this exercise, seven variables were selected for path coeffi cient analysis: sand, carbonate, Ca M3 , Mg M3 , and Mn M3 , and Al Ox and Fe Ox (Fig. 1) . The fi tness of the prediction model was measured by the coeffi cient of determination (R 2 ) of the regression model.
The path coeffi cient analysis was conducted as described by Williams et al. (1990) and Li (1975) . The path coeffi cient analysis is a statistical technique that differentiates between correlation and causation thus organizing and presenting causal relationships between dependent and independent variables through a path diagram based on experimental results. The path diagram for path coeffi cient analysis is presented in Fig. 1 . The single arrowheaded thick lines represent the direct effect of an independent variable on a dependent variable, while the double arrow-headed thin lines represent the relationships between two independent variables and are measured by the correlation coeffi cient between the two variables. In the path diagram, D YXi represents the path coeffi cient that measures the direct effect of an independent variable Xi on the dependent variable Y and is the partial regression coeffi cient of Y on Xi using the standardized variables. r XiXj represents the simple correlation coeffi cient between two independent variables Xi and Xj. The correlation between Y and Xi is the sum of the entire path connecting the two variables and can be represented as: 
where R 2 is the coeffi cient of determination of the regression model.
RESULTS AND DISCUSSION

Correlation between Soil Properties and Phosphorus Retention Index
The correlation matrix between soil properties and P retention index is presented in Table 3 . Signifi cant correlations (p < 0.05) were observed between the PRI and several of the soil properties. Those soil properties that were signifi cantly related with retention capacity included pH, CO 3 2− , organic carbon, sand content, silt, clay content, exchangeable Ca, exchangeable Mg, CEC, Mehlich-3 extractable Ca, Mehlich-3 extractable Mg, and oxalate extractable Al. Such signifi cant relationships between P retention capacity and different soil properties have been reported by several authors (Barrow, 1984; Toor et al., 1997; Sims et al., 1998; Leclerc et al., 2001; Ige et al., 2005) .
Signifi cant relationships were also observed among different soil properties. For example signifi cant relationships (p < 0.05) were observed between soil pH and Ca M3 ; Mg M3 and Ca Ex . Similar signifi cant relationship was observed between CEC and sand; Mg M3 ; OC and clay (data not presented). Such signifi cant correlations among different soil variables are indicative of the presence of collinearity among soil properties. Collinearity occurs when independent variables are so highly correlated that it becomes diffi cult or impossible to distinguish their individual infl uences on the dependent variable (Belsley et al., 1980) . This is diagnosed when a component associated with a high condition index (square root of the ratio of the largest to each successive eigenvalue) contributes strongly to the variance of two or more variables (Belsley et al., 1980) .
Path and Multiple Regression Analyses for the 115 Soils using PRI as the Dependent Variable
Of all the soil properties evaluated, seven variables, namely CO 3 2− , sand, Ca M3 , Mg M3 , Al Ox , Mn M3 , and Fe Ox were retained in the stepwise backward regression model as being statistically signifi cant to the prediction of PRI with a coeffi cient of determination (R 2 ) of 0.88 and a residual (U) of 0.35. A coeffi cient of determination (R 2 ) of 0.88 showed that the model explained most (88%) of the variation in the P retention capacity of the soils. Test of collinearity among independent variables confi rmed the presence of significant dependence among variables (data not presented).
Exchangeable Ca and Mg were signifi cantly related with PRI and the regression models using each of these two parameters were able to explain 52 and 46%, respectively, of the variation in the P retention capacity of the soils when used as independent variables for PRI prediction. However, these two variables were not included in the regression model as they did not make signifi cant contribution to the P retention capacity of the soils. Conversely, Ca M3 contributed signifi cantly to the model. This may due to the fact that Ca M3 and Mg M3 were able to account for the role of Ca EX and Mg EX as well as other extractable Ca and Mg that were not on the exchange sites (e.g., easily dissolved Ca and Mg from soil minerals).
The partitioning of the correlation coeffi cient between PRI and soil properties into direct and indirect effects is shown in Table  4 . The direct effect of CO 3 2− on PRI (D = −0.13) was negative and not signifi cant. The signifi cant positive correlation between CO 3 2− and PRI observed in the correlation analysis (Table 3 ) was due to the signifi cant indirect effect of Ca M3 (D = 0.39; Table 4 ).
According to path analysis, the direct infl uence of sand on PRI was not signifi cant (D = −0.20). The signifi cant negative correlation observed between sand and PRI in the correlation analysis was due to the signifi cant indirect infl uence of Ca M3 (D = −0.23). This may be due to the fact that Ca extracted by Mehlich-3 was associated with the soil clay fractions and sand and clay fractions are inversely related. The direct effect of Mg M3 was signifi cant, but the indirect infl uence of Ca M3 was also signifi cant. This may be due to the similar chemical behavior of Ca and Mg and the fact that most Ca minerals also contain Mg as well.
Although all the variables analyzed were signifi cantly related to PRI, only Ca M3 , Mg M3 , and Al Ox had signifi cant direct effects on the P retention capacity of the soils with Ca M3 having the highest direct effect (D = 0.62). The signifi cant direct effect of Ca M3 and Mg M3 supported the selection of these two variables as the best two-variable predictive model for P retention of Manitoba soils (Ige et al., 2005) . Kleinman and Sharpley (2002) also reported a signifi cant relationship between soil P retention capacity and Ca M3 for a group of alkaline soils. However, contrary to the conclusion of Ige et al. (2005) that Al Ox was not important in the prediction of P retention capacity for neutral to calcareous soils, path analysis showed that Al Ox was important and needed to be included in the prediction equations. Even though its correlation with PRI was low (r = 0.39), the signifi cance of this correlation was due mainly to its direct infl uence on PRI. Thus, in predicting the P retention capacity of these neutral to calcareous soils, Al Ox content should still be taken into consideration. This might justify the conclusion of some authors (Samadi and Gilkes, 1998; Bertrand et al., 2003) who reported the signifi cant effect of Al Ox on P retention capacity of calcareous soil. Zhang et al. (2005) also reported signifi cant direct effect of Al Ox on P sorption capacity and a nonsignifi cant direct effect of Ca M3 on P sorption contrary to our observation. This is probably because Zhang et al. (2005) worked mainly with acid soils having pH < 7 and soils with lower Ca M3 than those used in our study. Ammonium oxalate extractable Fe (Fe Ox ) and Mehlich-3 Mn did not have signifi cant direct effect on PRI. The low, signifi cant correlation observed between these soil properties and PRI was due to the nonsignifi cant indirect effects of other soil properties. Ige et al. (2005) reported that increasing the number of variables in the regression equation for estimating the P retention capacity improved the goodness of fi t of the regression equation, as evaluated by the values of the coeffi cient of the determination. Path analysis, however, showed that increasing the number of variables by including variables that were collinearly related to variables already in the predictive model may reduce the accuracy of the regression equation and add unnecessary effort and expense for determining PRI.
Path and Multiple Regression Analysis for the 26 Soil Subset using Langmuir Adsorption Maximum as the Dependent Variable
In a parallel analysis conducted using the traditional Langmuir adsorption maximum (S max ), Al M3 , Ca M3 , Mg M3 , and Fe Ox were the four variables that were statistically signifi cant (p = 0.1) in predicting the P retention of the soil, using stepwise backward regression, with a R 2 value of 0.86 and U value of 0.37. Path analysis showed that of these four variables, Ca M3 , Mg M3 , and Al M3 were the only variables that had signifi cant direct effects on the P retention capacity of the soils (Table 5 ). The direct effect of Ca M3 , Mg M3 , and Al M3 may be due to the acid nature of Mehlich-3 extracting agent, which is able to dissolve other reactive forms of Ca, Mg, and Al that are important to soil P retention in addition to Ca, Mg, and Al at the exchange sites. Even though simple correlation analysis indicated that the correlation between S max and Al M3 was not signifi cant, the direct effect of Al M3 was signifi cant. This further shows that simple correlation analysis is not enough in describing the relationship between P retention and soil properties. The signifi cant direct effects of Ca M3 , Mg M3 , and Al M3 on the Langmuir adsorption maximum further strengthen the observation that extractable Al is important to P retention, even in neutral to calcareous soils. Also, rather than using Al Ox , Al M3 was used for predicting the Langmuir adsorption maximum. This makes the prediction easier, as all the variables (Ca, Mg, and Al) can be determined from a single extraction procedure. The signifi cance of the Al M3 over Al Ox for the soil subset may be due to higher mean Al M3 in the subset than in the whole soil collection. While the mean Al M3 was 271 mg kg −1 for the whole soil collection, it was 307 mg kg −1 for the soil subset. The mean Al Ox was about the same for the two groups of soil (753 and 744 mg kg −1 for the whole soil collection and subset, respectively).
CONCLUSIONS
Not all soil variables that exhibited signifi cant correlation with soil P retention ability had a signifi cant direct effect on P retention. Thus, in formulating equations for estimating P retention capacity of soils, simple regression analysis alone may not be adequate in determining which soil variables are to be included in the equation. However, path analysis was able to distinguish between direct and indirect effects of soil properties on P retention, making it possible to determine soil variables that directly infl uence P retention. To estimate the PRI of neutral to calcareous soils of Manitoba the three variables that should be taken into consideration are Ca M3 and Mg M3 and Al OX . However, for the classical Langmuir adsorption maximum (S max ), Ca M3 , Mg M3 , and Al M3 should be used. The advantage of these three variables is that they all can be determined from a single extraction procedure. Although soil texture was signifi cantly related to the P retention capacity; the direct effect was not signifi cant.
